Evidence for charge transfer and proximate magnetism in
  graphene/a-RuCl_3 heterostructures by Zhou, Boyi et al.
Gate-tuned charge-doping and magnetism in
graphene/α-RuCl3 heterostructures
Boyi Zhou and J. Balgley
Department of Physics, Washington University in St. Louis,
1 Brookings Dr., St. Louis MO 63130, USA
P. Lampen-Kelly and J.-Q. Yan
Material Science & Technology Division,
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
D. G. Mandrus
Material Science & Technology Division,
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA and
Department of Material Science and Engineering,
University of Tennessee, Knoxville, Tennessee 37996, USA
E. A. Henriksen∗
Department of Physics, Washington University in St. Louis,
1 Brookings Dr., St. Louis MO 63130, USA and
Institute for Materials Science & Engineering,
Washington University in St. Louis,
1 Brookings Dr., St. Louis MO 63130, USA
1
ar
X
iv
:1
81
1.
04
83
8v
1 
 [c
on
d-
ma
t.s
tr-
el]
  1
2 N
ov
 20
18
The layered Mott insulator α-RuCl3 exhibits phenomena consistent with quan-
tum spin liquid behavior1–8. Particularly intriguing among recent discoveries is
a half-integer quantized thermal Hall conductance9, signaling the presence of
non-Abelian excitations which may be useful in creating a topological quantum
bit10. To this end, an electronic means of probing α-RuCl3 is greatly desirable,
but the pristine bulk samples are strongly insulating11–13. To attack this problem
we explore the low-field electronic properties of van der Waals heterostructures
composed of exfoliated α-RuCl3 flakes stacked on monolayer graphene, toward
using graphene as a proximity sensor of magnetic states in α-RuCl3. Unexpect-
edly, we find the devices exhibit an anomalously large conductivity along with
signatures of multi-band transport, strongly implying the α-RuCl3 has become
charge-doped and conducting simply by proximity to graphene. Additionally,
the temperature derivative of the resistivity contains clear signatures of mag-
netic phase transitions. All of these properties depend on an applied gate volt-
age. Proximity to graphene is thus a new tool for controlling the electronic and
magnetic properties in stacks of atomically-thin materials.
The majority of recent works on α-RuCl3 have employed a variety of bulk magnetic
probes on high quality samples, mm to cm-scale in size, which are generally found to be-
have as Kitaev paramagnets at temperatures above TNe´el of a zigzag antiferromagnet
2,4–8.
Despite the convenience of electronic transport, to date this has not been widely used due
to the Mott insulating nature of α-RuCl3
11–14. Seeking a means to electronically probe and
interact with this system, we fabricated devices for using graphene as a probe for nearby
magnetic phases or proximity-induced magnetism, as previously proposed or demonstrated
for various magnetic insulators including YIG, EuO, and EuS15–20. Similar proximity ef-
fects for graphene in contact with the antiferromagnets BiFeO3 and RbMnCl3 have been
theoretically proposed21,22, though in both cases the graphene will interact with a set of
ferromagnetically-aligned spins.
Here we measure the electronic transport in heterostructures comprised of α-RuCl3 stacked
on monolayer graphene. In the simplest picture, the transport characteristics of graphene
may be impacted by the magnetic properties of neighboring materials, with any deviations
from standard graphene transport attributable to the proximate magnetism. The mono-
layer graphene flakes are exfoliated onto oxidized, doped Si wafers, etched into Hall bars,
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FIG. 1. Temperature-dependent transport. a-b, Resistance vs temperature and gate voltage
in two representative devices, D1 and D2, respectively. c, Top: monolayer graphene Hall bar.
Bottom: same, but covered with a ∼10-nm-thick α-RuCl3 flake. The circular features are bubbles
in a micron-thick polycarbonate layer used in transferring the flake. d-e, Constant-temperature
linecuts of a and b, respectively, replotted as the conductivity. f, Charge carrier mobility, µ =
σ/(ne), shown for the 300 K trace of part d and the 3 K trace of part e. Short horizontal lines at
the left indicate the mobility determined by a linear fit to the conductivity between Vg=− 40 and
−20 V.
and have a separately exfoliated RuCl3 flake, ∼5−25 nm thick, transferred on top23. The
graphene surface is cleaned prior to placing the flake via a contact atomic force microscopy
procedure13. A typical Hall bar device is shown in Fig. 1c before and after transferring the
RuCl3 flake. Surprisingly, we find the electronic transport of these devices–which at first
glance is that of standard graphene-on-SiO2–nonetheless shows a strongly enhanced conduc-
tivity and clear signatures of two-band transport implying the RuCl3 has been doped and
become conducting; and moreover the resistance at low temperatures now exhibits features
clearly associated with magnetic phase transitions. Most surprisingly, these features show a
clear dependence on the gate voltage applied to the Si substrate.
The four-terminal resistance for two devices at zero magnetic field is shown in Fig. 1a
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FIG. 2. Signatures of multi-band conduction. a Quadratic magnetoresistance at low fields for
device D3. b The coefficient of the quadratic magnetoresistance, β=∆ρ/(ρ0B
2), vs carrier density
in the graphene, for two devices D1 (orange) and D3 (red). c Low-field Hall coefficient for the
same two samples as in b. The dashed lines and shaded regions mark the results of simultaneously
fitting the data in b and c to a model of two-band conduction.
and b vs both the back gate voltage, Vg, and temperature, T . These data are reminiscent
of typical graphene-on-oxide transport: a resistance maxima (“Dirac peak”) appears as Vg
is swept, which is rather broad in Fig. 1a and narrow in Fig. 1b. All devices explored show
similar behavior though with a range of Dirac peak widths lying between those shown here.
Additionally, the resistance exhibits a weak decrease with temperature consistent with a
reduction in phonon scattering24.
The first signs of novel behavior appear in Figure 1d and e which contain constant tem-
perature profile cuts from Fig. 1a and b, respectively, re-plotted as the conductivity, σ. For
all traces, σ increases monotonically and often linearly with increasing gate voltage to either
side of the conductivity minimum, σmin, which marks the charge neutral point (here σmin
occurs at Vg=+23 V and +5 V for D1 and D2, respectively). So far this is normal for
graphene. However, σmin in every device is anomalously large, with values as high as 50 or
100 e2/h at T=3 K; the highest we have found is 167 e2/h. This stands in sharp contrast to
the typical σmin=4−10 e2/h found in graphene-on-oxide devices, which is 10−20 times lower
than we find in these g/RuCl3 devices
25–27. To directly verify this conductivity enhancement
is due to RuCl3, we fabricated a longer Hall bar with one half covered by a RuCl3 flake and
the other by a flake of hexagonal boron nitride. By measuring transport through both halves
simultaneously, the minimum conductivity of the RuCl3-covered portion was found to be 12
times higher than the hBN-covered half13. Indeed the conductivity is higher for all gate volt-
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ages, which we illustrate in Fig. 1f by plotting the Hall mobility µ = σ/(ne) for the 300 K (3
K) trace of Fig. 1d (e). These values are far larger than normally encountered in graphene-
on-oxide devices. It is common to extract a “field-effect” mobility, µ = (1/αge)dσ/dVg, by
fitting the region where σ is linear in Vg; αg is the charge-gating efficiency of the back gate
13.
The mobilities found by this method, when fitting between Vg=−40 and −20 V, are marked
by the short thick horizontal lines. These latter values are smaller and more in line with
expectations for graphene-on-oxide devices. Normally these two approaches to extracting
the mobility will agree, but here the abnormally high conductivity of the device as a whole
results in the larger Hall mobilities.
Such high values of conductivity are highly unlikely to result from disordered graphene
alone, but the only other possible conductor is the RuCl3 flake. This is of course unexpected
since RuCl3 is a Mott insulator and, accordingly, exfoliated flakes reveal insulating behavior
like that found in the parent crystals11–13. However, strong electronic correlations underlie
the insulating behavior in Mott systems, and will thus be sensitive to changes in screening
e.g. by the presence of the metallic graphene layer nearby, or by charge transfer into the
RuCl3. The latter case is plausible given the differing work functions of graphene, at 4.6 eV,
and α-RuCl3, at 6.1 eV, which ought to drive a charge transfer of electrons into RuCl3 when
graphene is brought in contact28,29.
As expected in a device with parallel conducting channels, the magnetoresistance and Hall
coefficient data show signatures generic to multi-band transport30. Figure 2a displays typical
low-field magnetoresistance traces having a clear quadratic dependence on B field13, which
are well-fit by ∆ρ = ρ(B)−ρ0 = ρ0βB2. In Fig. 2b, the coefficient β is plotted as a function
of the graphene carrier density for two devices representing the extremes of the quadratic
curvature observed in several devices. Where the red data are sharply peaked about charge
neutrality in the graphene, the orange data show only a small increase; other samples lie
within this range13. More strikingly, both devices yield very similar Hall coefficients, RH
(Fig. 2c), sharing three prominent features: (i) the sign of RH always indicates electron-
dominated transport, and notably does not change despite the switch from p to n-type
doping of graphene; (ii) there is a corresponding drop in RH across the charge neutrality
point in graphene; and (iii) the rather low values of RH indicate a high density of electrons–
nearly two orders of magnitude greater than typical densities in graphene–shown by naively
converting RH to units of carrier density on the right axis of Fig. 2c. Taken together
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these results provide evidence for multi-band transport, in which the normal graphene gate
response is preserved but the Hall coefficient and high conductivity signal the presence of a
sizable population of negative charge carriers in the RuCl3.
These data can be fit by a simple model of two-band transport. Taking the graphene
density and mobility as inputs13, we obtain the fits shown in Fig. 2 which in turn yield the
density and mobility of the second (i.e. RuCl3) band. For the red data in Fig. 2b and c, two
sets of density and mobility values are required to achieve good fits across the entire gate
voltage range: for hole-doping of graphene, nR = 4.3 × 1013 cm−2 and µR = 1300 cm2/Vs,
and for electron-doping nR = 8.9 × 1013 cm−2 and µR = 7200 cm2/Vs; a positive sign of n
indicates electrons. In contrast for the orange data a single set of values nR = 3.7×1013 cm−2
and µR = 400 cm
2/Vs produces the orange dashed lines. The values extracted from this
simple two-band picture should be taken with a grain of salt, as the nominal requirement of
isotropic, energy-independent scattering in two decoupled bands is unlikely to be rigorously
met30. Indeed, the conductivity implied by fits to this model is σR = nReµR = 61 e
2 for
the orange data, but for the red data ranges from 230 to 2600 e2/h which is clearly not
reasonable. Nonetheless the data clearly demonstrate that RuCl3in contact with graphene
becomes conducting and responds to the applied gate voltage.
Bulk RuCl3 is a zigzag antiferromagnet with TNe´el = 7 or 14 K depending on the stacking
order31. Meanwhile, it is well known that the electrical resistivity, ρ, can be impacted
by magnetic transitions32,33. In the literature on such “critical” resistivity, the shape of
dρ/dT in the neighborhood of a magnetic transition is generically linked to the nature of the
magnetism, e.g. a peak is associated with ferromagnetism with TCurie at the peak maximum,
and a peak-dip structure is expected for antiferromagnets with TNe´el at the dip minimum
34–37.
Thus in Fig. 3 we examine dρ/dT of the two devices studied in Fig. 1, and find in both
cases a sizable excursion for temperatures between 10 and 40 K. Data for four additional
devices is included in the Supplementary Information. Intriguingly, the lineshapes evolve
with the gate voltage, with peaks predominantly observed for hole-doping of the graphene
while peak-dip features appear on the electron side. Finer-scale features appear in some
devices where the order of the peak and dip are suddenly swapped near the graphene charge
neutrality point (as seen in Fig. 3d-f). These features suggest that magnetic phase transitions
in graphene/RuCl3 heterostructures are driven by the charge state of the graphene. The
identification of distinct phases is preliminary, as the critical resistivity of layered devices
6
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FIG. 3. Critical resistivity. The resistivity of graphene/RuCl3 heterostructures shows charac-
teristic variations in the neighborhood of magnetic transitions. These data are for the same two
devices shown in Fig. 1. a,d Linecuts of dρ/dT for devices D1 and D2, respectively, taken at
constant Vg show the evolution of discrete traces with temperature and gate voltage. Traces are
taken every 10 V (5 V) in a (d). Blue (red) traces indicate hole (electron) doping of the graphene.
Charge neutrality is at the blue/red border, and the graphene density increases for traces farther
away. The inset to d is a magnified view of the hole-side traces. The short black lines on the left
axis show the location of dρ/dT = 0 for each trace. Note in d the remarkable swap of the dip
and peak in the two largest amplitude traces, a feature also visible in f near Vg = 5 − 10 V. b,e
Color maps of dρ/dT for the same devices. Here the data at each constant Vg value is normalized
by the maximum value in the peak at the same voltage. This serves to highlight the evolution
of the peak temperature vs Vg, but hides the variation in amplitude. c,f Temperature values of
the peak maxima (open circles) and dip minima (filled circles) in dρ/dT . For D1 (a-c) two peaks
can be discerned when the graphene is hole-doped. In D2, the peak and dip swap places near the
graphene charge neutrality point.
has yet to be theoretically discussed. We further note an intriguing ambiguity, namely the
variations of dρ/dT may arise from either itinerant electrons in the RuCl3, and/or in the
response of graphene charge carriers to proximity with the RuCl3. Distinguishing these
effects will reveal much about the nature of interfacial magnetism in these devices.
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The transition temperatures implied by the peak and dip locations in Fig. 3 lie in the
range of 15−30 K, higher than the known 7 K antiferromagnetic transition in pristine α-
RuCl3 (or the 14 K transitions in samples with stacking faults
31). It appears that proximity
to graphene not only causes RuCl3 to become conducting, but enhances the magnetic tran-
sition temperature and enables a gate-voltage-dependent ferromagnetic-antiferromagnetic
transition. We do not yet have a microscopic explanation for these observations. However
one possibility is the Mott gap has collapsed due to screening of the on-site interaction, and
correspondingly the various magnetic couplings have changed in response. Alternatively, we
note there is no clear dependence on the RuCl3 flake thickness in either the enhanced con-
ductivity or the magnetic transitions. Since the RuCl3 layers are weakly bound, this implies
that only the one or two layers closest to the graphene are affected by the charge transfer.
This would have the effect of amplifying the already considerable magnetic anisotropy38,39,
likely leading to enhanced magnetic transition temperatures.
The detailed transport behavior is sure to depend on the nature of the graphene/RuCl3 in-
terface, in particular how the graphene pi bands hybridize with the Ru and Cl orbitals, the
presence of remnant disorder (e.g. water and incidental adsorbates), and the possibility of
surface reconstruction effects40. Moreover as in graphene, the Ru atoms are arranged in a
honeycomb pattern such that the two lattices are close to a 2:5 commensurability suggest-
ing that mo´ıre physics may be relevant41. Overall the remarkable and unexpected transition
from a strong Mott insulator to a conductor simply by placing α-RuCl3 on graphene demon-
strates a new approach for controlling the electronic and magnetic properties in van der
Waals heterostructures.
Methods
Single crystals of α-RuCl3 were grown using a vapor transport technique from phase pure
commercial RuCl3 powder
7. Devices consist of monolayer graphene on Si wafers with a
300-nm-thick surface oxide layer. The graphene is etched into a Hall bar pattern using a
patterned polymethyl-methacrylate mask and an O2 plasma, followed by standard thin film
patterning for contacts made of 3/30 nm of Cr/Au. The graphene surface is then cleaned
by sweeping with an atomic force microscope tip in contact mode, which serves to remove
the remnant nm-thick layer of electron beam resist13. A flake of RuCl3, exfoliated from
parent crystals onto separate oxidized wafers, is then transferred on top of the graphene
8
using a polycarbonate film stretched over a small silicone stamp. The RuCl3 flakes range
in thickness from 5−25 nm (∼10−40 layers) thick; prior Raman spectroscopy of flakes of
comparable thickness give the same spectra as a pristine bulk sample23. All measurements
were performed using standard low-frequency lockin techniques in a variable temperature
cryostat with a 9 T magnet, with gate voltages applied to the Si substrates. The graphene
carrier density was determined by known calibrations for the wafers used in these devices,
n = 7.2× 1010× Vg cm−2V−1, and checked against the 2D density determined from analysis
of Shubnikov-de Haas oscillations at moderate magnetic fields13.
Acknowledgements
We wish to thank A. Banerjee, K. Burch, J. Knolle, A. MacDonald, S. Nagler, A. Seidel,
and Li Yang for enlightening discussions. We acknowledge support from the Institute of
Materials Science and Engineering at Washington University in St. Louis. A portion of this
work was supported under NSF DMR-1810305.
Author Contributions
E.H. and D.M. conceived the experiment. P.L-K., J.Y., and D.M. grew the sample
material. B.Z. fabricated the samples and performed the measurements. B.Z., J.B., and
E.H. analyzed and discussed the data. E.H. prepared the manuscript with input from B.Z.
and J.B., and discussed the work with all authors.
Competing interests
The authors declare no competing interests.
∗ henriksen@wustl.edu
1 Kitaev, A. Y. Anyons in an exactly solved model and beyond. Annals of Physics 321, 2–111
(2006).
2 Sandilands, L. J., Tian, Y., Plumb, K. W., Kim, Y.-J. & Burch, K. S. Scattering continuum
and possible fractionalized excitations in α-RuCl3. Physical Review Letters 114, 147201 (2015).
3 Banerjee, A. et al. Proximate Kitaev quantum spin liquid behaviour in a honeycomb magnet.
Nature Materials 15, 733–740 (2016).
9
4 Baek, S. H. et al. Evidence for a field-induced quantum spin liquid in α-RuCl3. Physical Review
Letters 119, 037201–5 (2017).
5 Do, S.-H. et al. Majorana fermions in the Kitaev quantum spin system α-RuCl3. Nature Physics
13, 1079–1084 (2017).
6 Zheng, J. et al. Gapless spin excitations in the field-induced quantum spin liquid phase of
α-RuCl3. Physical Review Letters 119, 227208–6 (2017).
7 Banerjee, A. et al. Neutron scattering in the proximate quantum spin liquid α-RuCl3. Science
356, 1055–1059 (2017).
8 Jansˇa, N. et al. Observation of two types of fractional excitation in the Kitaev honeycomb
magnet. Nature Physics 14, 786–790 (2018).
9 Kasahara, Y. et al. Majorana quantization and half-integer thermal quantum Hall effect in a
Kitaev spin liquid. Nature 559, 227–231 (2018).
10 Kitaev, A. Y. Fault-tolerant quantum computation by anyons. Annals of Physics 303, 2–30
(2003).
11 Binotto, L., Pollini, I. & Spinolo, G. Optical and transport properties of the magnetic semicon-
ductor α-RuCl3. Physica Status Solidi (b) 44, 245–252 (1971).
12 Mashhadi, S. et al. Electrical transport signature of the magnetic fluctuation-structure relation
in α-RuCl3 nanoflakes. Nano Letters 18, 3203–3208 (2018).
13 See Supplementary Information.
14 Plumb, K. W. et al. α-RuCl3: A spin-orbit assisted Mott insulator on a honeycomb lattice.
Physical Review B 90, 041112 (2014).
15 Haugen, H., Huertas-Hernando, D. & Brataas, A. Spin transport in proximity-induced ferro-
magnetic graphene. Physical Review B 77, 115406 (2008).
16 Yang, H. X. et al. Proximity effects induced in graphene by magnetic insulators: First-principles
calculations on spin filtering and exchange-splitting gaps. Physical Review Letters 110, 046603
(2013).
17 Zhang, J., Triola, C. & Rossi, E. Proximity effect in graphene–topological-insulator heterostruc-
tures. Physical Review Letters 112, 096802 (2014).
18 Wang, Z., Tang, C., Sachs, R., Barlas, Y. & Shi, J. Proximity-induced ferromagnetism in
graphene revealed by the anomalous Hall effect. Physical Review Letters 114, 016603 (2015).
19 Wei, P. et al. Strong interfacial exchange field in the graphene/EuS heterostructure. Nature
10
Materials 15, 711–716 (2016).
20 Su, S., Barlas, Y., Li, J., Shi, J. & Lake, R. K. Effect of intervalley interaction on band topology
of commensurate graphene/EuO heterostructures. Physical Review B 95, 075418 (2017).
21 Qiao, Z. et al. Quantum anomalous Hall effect in graphene proximity coupled to an antiferro-
magnetic insulator. Physical Review Letters 112, 116404 (2014).
22 Zhang, J., Zhao, B., Yao, Y. & Yang, Z. Quantum anomalous Hall effect in graphene-based
heterostructure. Scientific Reports 5, 10629 (2015).
23 Zhou, B. et al. Possible structural transformation and enhanced magnetic fluctua-
tions in exfoliated α-RuCl3. Journal of Physics and Chemistry of Solids in press,
doi:10.1016/j.jpcs.2018.01.026, (2018).
24 Chen, J.-H., Jang, C., Xiao, S. & Fuhrer, M. S. Intrinsic and extrinsic performance limits of
graphene devices on SiO2. Nature Nanotechnology 3, 206–209 (2008).
25 Tan, Y.-W. et al. Measurement of scattering rate and minimum conductivity in graphene.
Physical Review Letters 99, 246803 (2007).
26 Adam, S., Hwang, E. H., Galitski, V. M. & Das Sarma, S. A self-consistent theory for graphene
transport. Proceedings of the National Academy of Sciences 104, 18392–18397 (2007).
27 Chen, J.-H. et al. Charged-impurity scattering in graphene. Nature Physics 4, 377–381 (2008).
28 Yu, Y.-J. et al. Tuning the graphene work function by electric field effect. Nano Letters 9,
3430–3434 (2009).
29 Pollini, I. Electronic properties of the narrow-band material α-RuCl3. Physical Review B 53,
12769–12776 (1996).
30 Ziman, J. M. Electrons and Phonons (Clarendon Press, Oxford, 1960).
31 Cao, H. B. et al. Low-temperature crystal and magnetic structure of α-RuCl3. Physical Review
B 93, 134423 (2016).
32 De Gennes, P. D. & Friedel, J. Anomalies de resistivite dans certains metaux magnetiques.
Journal of Physics and Chemistry of Solids 4, 71 (1958).
33 Fisher, M. E. & Langer, J. S. Resistive anomalies at magnetic critical points. Physical Review
Letters 20, 665 (1968).
34 Rao, K. V., Rapp, O., Johannesson, C., Geldart, D. J. W. & Richard, T. G. Electrical resis-
tance at the antiferro-paramagnetic transition in dysprosium. Journal of Physics C: Solid State
Physics 8, 2135–2148 (1975).
11
35 Alexander, S., Helman, J. S. & Balberg, I. Critical behavior of the electrical resistivity in
magnetic systems. Physical Review B 13, 304–315 (1976).
36 Rapp, O., Benediktsson, G., Astrom, H. U., Arajs, S. & Rao, K. V. Electrical resistivity of
antiferromagnetic chromium near the Ne´el temperature. Physical Review B 18, 3665–3673
(1978).
37 Ausloos, M. & Durczewski, K. Critical behavior of the electrical resistivity in magnetic systems:
Comments and theory. Physical Review B 22, 2439–2444 (1980).
38 Kubota, Y., Tanaka, H., Ono, T., Narumi, Y. & Kindo, K. Successive magnetic phase transitions
in α-RuCl3: XY-like frustrated magnet on the honeycomb lattice. Physical Review B 91, 094422
(2015).
39 Majumder, M. et al. Anisotropic Ru3+ 4d5 magnetism in the α-RuCl3 honeycomb system:
Susceptibility, specific heat, and zero-field NMR. Physical Review B 91, 180401 (2015).
40 Ziatdinov, M. et al. Atomic-scale observation of structural and electronic orders in the layered
compound α-RuCl3. Nature Communications 7, 13774 (2016).
41 Bistritzer, R. & MacDonald, A. H. Moire bands in twisted double-layer graphene. Proceedings
of the National Academy of Sciences 108, 12233–12237 (2011).
12
